Abstract. Radial forging combined with unidirectional compression (RFCUM) is introduced in recrystallization and partial melting (RAP) to fabricate semi-solid 6063 aluminum alloy, which can be defined as a process of RFCUM-RAP. In this study, the microstructures of semi-solid 6063 alloy prepared by semi-solid isothermal treatment (SSIT) and RFCUM-RAP processes are investigated. The results show that, the solid grains of semi-solid alloy prepared by SSIT are large and irregular. However, solid grains of semi-solid billet prepared by RFCUC-RAP are fine and spherical. Additionally, during RFCUC-RAP process, with the increase of isothermal holding time, the shape of solid grain is more and more spherical, but the size of solid grain is gradually increased. To obtain ideal semi-solid microstructure, the optimal isothermal holding temperature and time are 630 °C and 5~10 min, respectively.
Introduction
Semi-solid metal process (SSMP) developed by Spencer and co-workers has been widely studied in recent years, which is an effective near-net-shape forming process [1] [2] [3] [4] . Compared with conventional casting and forging processes, it offers significant advantages, such as easy forming, long die life, good microstructure and good mechanical properties [5] . The key requirement of SSMP process is that the semi-solid billet with fine and spherical solid grains uniformly distributed in the liquid phase. To prepare ideal semi-solid microstructures, many methods have been developed, such as, mechanical and electromagnetic stirring [6, 7] , cooling slope [8] , mechanical vibration [9] , strain-induced melt activation (SIMA) [2, 10] , and recrystallization and partial melting (RAP) [11] . Among these methods, RAP process consists of warm deformation and semi-solid isothermal treatment (SSIT) is a promising method, because that many alloys are always supplied in the deformed state.
Al-Mg-Si based aluminum alloys, such as 6063 alloy, are widely employed in automotive and aerospace industries due to their high mechanical properties. However, they are currently machined from the wrought state with much waste. Therefore, there is a strong driving force to use SSMP process to form this alloy. In this study, RFCUM is introduced in RAP to fabricate semi-solid 6063 alloy, the microstructures of semi-solid 6063 alloy prepared by semi-solid isothermal treatment (SSIT) and RFCUM-RAP process are investigated. Moreover, the optimal SSIT parameters for ideal semisolid microstructures are also explored.
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Experimental procedure
The as-extruded 6063 wrought aluminum alloy bar (⌀ 120 mm×180 mm) was used as experimental material, and it consisted of 0.93 wt.% Mg, 0.61 wt.% Si, 0.26 wt.% Fe, 0.19 wt.% Cu, 0.15 wt.% Mn, 0.05 wt.% Ti, 0.11 wt.% Cr and balance of Al. The solidus and liquidus temperatures were 615 °C and 655 °C, respectively, which were determined by differential scanning calorimeter (DSC) method. Moreover, the solid fraction versus temperature curve obtained from DSC result is shown in Figure. 1. Figure. 2, the RFCUC-RAP process could be divided into two steps: the deformation and the SSIT steps. The deformation process of 6063 alloy consists of radial forging and unidirectional compression. First, the as-received 6063 bar after preheating at 300 °C for 90 min was radial forged with 70% ARR and quenched in water. The ARR can be defined as area reduction ratio, which is calculated by the following equation: ARR=(A0-A1)/A0, where A0 and A1 are the initial and final cross sectional area of the alloy bar, respectively. Second, the as-forged material with a diameter of 10 mm and a length of 15 mm was cut along the radial forging direction for unidirectional compression. The compression ratio was 80%, and the compression direction was the same with the radial forging direction. During the SSIT process, the samples were treated at 630 °C for 1~20 min in a resistance furnace. After the SSIT process, the samples were taken out immediately and quenched in water to obtain the semi-solid microstructures. In addition, in order to investigate the effects of SSIT process on the microstructure of 6063 alloy, the samples cut from the as-received alloy were treated at 630 °C for 5~20 min, and then quenched in water. The samples after SSIT process of as-received and RFCUC deformed alloys were ground and polished, and then etched with an aqueous solution of 5% HF. The metallographic observation was carried out by optical microscopy (OM). The average grain size (D) and shape factor (F) of solid grains were measured by image analysis software (Image-Pro Plus 6.0), and calculated in each case by Eqs. (1) and (2) [12] :
Where A, N and P are area, the number and perimeter of solid grains, respectively. If F is gradually closed to 1, solid grains will be more and more spherical. Figure. 3 shows the microstructure of as-received and RFCUC-deformed alloy. As shown in Figure. 3(A), the microstructure is typical of extrusion alloy with fibrous grains and intermetallic particles aligned in the extrusion direction. The microstructural feature of RFCUC deformed alloy shown in Figure. 3(B) is similar to that of the as-received alloy. However, it is evident that the deformation degree shown in Figure. 3(B) is higher than that in Figure. 3(A) , resulting from the additive deformation of RFCUC process. Additionally, there is no evidence of recrystallization across can be seen in Figure. 3(B) , possibly owing to the low deformation temperature [13] . Figure. 4 shows the microstructure of as-received alloy after SSIT at 630 °C for 5~20 min. In Figure. 4(A), when the isothermal holding time is 5 min, the liquid phase is little; the number of independent solid grain is few, and the size of solid grain is large. In Figure. 4(B) , when the isothermal holding time is increased to 10 min, the number of solid grains is increased, and the size of solid grain is decreased, indicating that the size of solid grain can be decreased at the intial stage of the SSIT process. With increasing the isothermal holding time from 15 min to 20 min, the solid grains ( Figure. 4(C) and (D)) become larger and more irregular than that shown in Figure. 4(A) and (B) . The main reason can be explained as follows: the as-received 6063 alloy is an extrusion bar with little strain energy, which can not offer an enough driving force for recovery and recrystallization during the SSIT process [14] . The optimal average grain size and shape factor of solid grains measured from Figure. Figure. 4(B) ), respectively. For the SSMP process, the semi-solid billet with large and irregular solid grain will have an adverse effect on the mechanical properties of final parts [15] . Therefore, it is obvious that the SSIT of as-received alloy is unsuitable for fabricating ideal semi-solid 6063 alloy. Figure. 5 shows the microstructure of RFCUC-deformed alloy after SSIT at 630 °C for 1~20 min. As shown in Figure. 5 (A) , when the isothermal holding time is 1 min, the deformed direction of alloy are gradually disappeared, and some recrystallized grains can be found in the microstructure (marked with A1). As indicated in Figure. 5(B) , when the isothermal holding time is 3 min, the recrystallization phenomenon fully occurs. At the same time, the boundaries of solid grains start to melt. The liquid phase starts to appear at the grain boundaries and triple points between grains (marked with B1). As shown in Figure. 5(C), when the isothermal holding time is increased to 5 min, the liquid is gradually increased because of the melting process; the majority of solid grains are separated by liquid film, and the grain size is small. As shown in Figure. 5 (D)~(F), when the isothermal holding time is prolonged from 10 min to 20 min, the liquid film is more and more thicker due to the increase of liquid phase, the grain size is gradually increased and the spheroidization degree of grain is improved. Moreover, some excessive larger solid grains (marked with F1 and F2) can be found in Figure. 5(F) , which is attributed to the grain coalescence. Figure. 6 shows the variations of the average grain size and shape factor of solid grains with the isothermal holding time from the quantitative analysis of the microstructure shown in Figure. 5. It should be noted that it is difficult to measure the solid grains shown in Figure. Figure. 6 , with the increase of isothermal holding time, the average grain size and shape factor of solid grains are gradually increased.
Results and discussion

Microstructure of as-received and RFCUC-deformed alloy
Microstructure of as-received alloy after SSIT
Microstructure of RFCUC-deformed alloy after SSIT
The microstructural evolution of alloy produced by the RFCUC-RAP process can be described as follows: during the RFCUC process of alloy, the strain energy is stored in the forms of dislocations, providing the driving force for recovery and recrystallization [16] . Therefore, during the initial stage of SSIT process, in order to reduce the free energy, the dislocation will climb and cross slip, leading to the occurrence of recovery and recrystallization ( Figure. 5(A) ). With the increase of isothermal holding time, liquid phase starts to appear (marked with B1) because that the isothermal holding temperature (630 °C) is higher than the solidus temperature. Moreover, the liquid penetrates the grain boundaries when the grain boundary energy is greater than twice the solid-liquid interface energy, which will lead to the formation of liquid film and fine solid grains ( Figure. 5(C) ). With further increasing the isothermal holding time, the grain coalescence occurs gradually, and then the average grain size is increased. At the same time, owing to the effect of interface curvature, the spheroidization degree of Figure. 5(F) ), the Ostwald ripening also starts to play a role on grain coarsening. From the results of Figure. 4~6, it can be concluded that, compared with the SSIT of as-received 6063 alloy, the RFCUC-RAP process in this study is an effective method to produce ideal semi-solid billets. The optimal isothermal holding temperature and time are 630 °C and 5~10 min, respectively; the average grain size is 83.80~103.15 μm and the shape factor is 0.73~0.75.
Conclusion
In this study, the microstructures of semi-solid 6063 Al alloy fabricated by semi-solid isothermal treatment (SSIT) and RFCUM-RAP process are investigated. The main conclusions are summarized as follows:
(1) Compared with the large and irregular solid grains produced by the SSIT process of asreceived 6063 alloy, the RFCUC-RAP process is an effective method to obtain the ideal semi-solid billets with fine and spherical solid grains.
(2) For preparing the ideal semi-solid billet, the optimal isothermal holding temperature and time are 630 °C and 5~10 min, respectively. Furthermore, the average grain size is 83.80 ~103.15 μm and the shape factor is 0.73~0.75.
